The relative quantities of bases in DNA were determined chemically many years before sequencing technologies permitted direct counting of bases. Apparently unaware of the rich literature on the topic, bioinformaticists are today rediscovering the 'wheels' of Chargaff, Wyatt and other biochemists. It follows from Chargaff's second parity rule (%A = %T, %G = %C for single stranded DNA) that the symmetries observed for the two pairs of complementary mononucleotide bases, should also apply to the eight pairs of complementary dinucleotide bases, the thirty-two pairs of complementary trinucleotide bases, etc. This was made explicit by Prabhu in 1993 in a study of complete genomes and long genome segments from a wide range of taxa, and was rediscovered by Qi and Cuticchia in 2001 in a study of complete genomes. It follows from Chargaff's GC-rule (%GC tends to be uniform and species specific) that, within a species, oligonucleotides of the same GC% will be at approximately equal quantities in single stranded DNA. Thus, for example, while quantities of CAT and ATG (reverse complements) will be closely correlated because of both of the above Chargaff rules, CAT and GTA (forward complements) will show some correlation only because of the latter rule. The need for complete genomic sequences in bioinformatic analyses may have been somewhat overplayed.
CHARGAFF'S SECOND PARITY RULE
In 1993 Prahbu began a paper entitled 'Symmetry observations in long nucleotide sequences' with the concise and elegant statement: 'a study of all sequences longer than 50 000 nucleotides currently in GenBank reveals a symmetry principle. The number of occurrences of each n-tuple of nucleotides on a given strand approaches that of its complementary n-tuple on the same strand. This symmetry is true for all long sequences at small n (e.g. n = 1, 2, 3, 4, 5). It extends to sets of n-tuples of higher order n with increase in the length of the sequence. ' Since the sequences were from 22 species from a wide range of taxa the symmetry principle appeared broadly applicable. Prabhu demonstrated the principle by plotting the frequencies of oligonucleotides of a given length (n) against the frequencies of their corresponding complement (Alff-Steinberger, 1987) . Since the frequencies were similar, the plots were rectilinear with a slope of 1.0 and intersected the origin. The correlation coefficient (r ) provided a measure of the extent to which the DNA of a particular species followed the principle. For example, for most species r -values for 6-tuples approached unity (0.8-1.0), but a 111 kb segment from Escherichia coli fell below this range (0.76).
In his brief paper Prabhu (1993) did not distinguish the contributions of base composition and base order by comparing natural sequences with sequences randomized to destroy the natural order of bases (Yomo and Ohno, 1989) . Furthermore, he did not refer to previous work in the area, and did not suggest a functional basis for the symmetry principle.
In 1995 Forsdyke presented a more extensive discussion of the phenomenon, which appeared to relate to the long known second parity rule of Chargaff; namely, that for long single strands of DNA the Watson-Crick pairing bases are present in approximately equal frequencies (%A = %T; %G = %C). In 1984 Nussinov had suggested a function related to 'advantageous DNA structure. ' Blake and Hinds (1984) had suggested a function related to RNA structure. Forsdyke's data (1995) were consistent with the hypothesis that the ability of duplex DNA to extrude stem-loops would be advantageous for recombination, so that mutations favoring this (i.e. mutations favoring equifrequencies of the Watson-Crick bases in single strands) would confer a selective advantage (Bell and Forsdyke, 1999a,b; Forsdyke and Mortimer, 2000) .
REVERSE AND FORWARD COMPLEMENTS
Since, by convention, the sequence of a nucleic acid is written from the 5 end to the 3 end, and since the complementary ('bottom') strand of a double helix runs in the opposite direction to that of the 'top' strand, the complement of, for example, the trinucleotide CAT, would be ATG in the bottom strand. The latter can be referred to as the 'reverse complement' to distinguish it from 'GTA' in the bottom strand (written in this particular instance in the 3 to 5 direction), which can be referred to as the corresponding 'forward complement.' This triplet, as normally observed in DNA, would be written in the 5 to 3 direction, and then its complement ('reverse complement') would be TAC.
The above Nussinov-Forsdyke hypothesis requires a selection pressure on the base-order of a natural sequence favoring the generation in the same strand of equifrequencies of reverse complements (i.e. CAT matching ATG), but not of equifrequencies of sequences corresponding to forward complements (i.e. CAT not matching GTA). For this we must invoke another rule.
CHARGAFF'S GC-RULE
Sequences corresponding to forward complements appear to exist independently of each other in the same DNA strand. However, a factor supporting correlation in this case would be the genome-wide pressure favoring uniformity of base composition within a species (GC%; Chargaff, 1951; Wyatt, 1952; Forsdyke and Mortimer, 2000) . This is because a sequence (e.g. CAT) and both its reverse and its forward complements (e.g. ATG and GTA) have the same base composition when this is expressed as GC% (e.g. 67% A + T; 33% G + C). Thus, there should be some matching between the frequencies of oligonucleotide sequences (e.g. CAT) and of sequencies corresponding to their forward complement (e.g. GTA), in the same DNA strand.
RANDOMIZATION REMOVES BASE-ORDER-DEPENDENT CORRELATIONS
In summary, evolutionary pressures on both the order and the composition (GC%) of bases in oligonucleotides work to favor the equifrequency of oligonucleotides and their reverse complements in the same DNA strand. Evolutionary pressures on base composition (GC%) alone work to favor the equifrequency of oligonucleotides and their forward complements (when the latter, written in the 5 to 3 direction, appear elsewhere in the same DNA strand). Hence, in natural sequences, but not in sequences artificially randomized to eliminate evolutionary effects on base order, correlations between oligonucleotides and their reverse complements should be better than correlations between oligonucleotides and their forward complements. In terms of the above trinucleotide pairs, the difference between the frequencies of CAT and ATG should be low, whereas the difference between the frequencies of CAT and GTA should be high.
Whereas in prokaryotes and lower eukaryotes base compositions tend to be uniform genome-wide, in higher eukaryotes genomes are segmented into isochores each with a distinct base composition. Depending on the size of the segment under study, this could further work to diminish the correlation between the frequencies of oligonucleotides and their forward complements in singlestranded DNA.
'DISCOVERY NOTE' OF QI AND CUTICCHIA Using the same methods as Prabhu (1993) and Forsdyke (1995) , in a note entitled 'Compositional symmetries in complete genomes ' Qi and Cuticchia (2001) have presented data bearing on the above. Hinting at biological relevance, their direct quotations from Bell and Forsdyke (1999a) include the suggestion that Chargaff's second parity rule reflects the evolution 'of genome-wide stem-loop potential as part of short-and long-range accounting processes which work together to sustain the integrity of various levels of information in DNA. ' There are five main observations: (i) 'a universal parity rule for genomic DNA' has been revealed; (ii) 'the frequencies of particular oligonucleotides closely approximate those of their reverse complements in single-strand DNA;' (iii) E.coli shows a weaker correlation than another species (Arabidopsis thaliana); (iv) 'no such strong intrastrand correlations were found between oligonucleotides and their 'forward' complements;' (v) in contrast to natural (non-randomized) sequences, 'in an artificial random sequence generated according to Chargaff's second parity rule, the frequencies of the oligonucleotides equal those of their reverse complements, [and] also equal those of their 'forward' complements. ' The first three of these observations represent an affirmation of previous reports of work performed using some complete, but mainly incomplete genomic sequences. The last two observations, deducible from the above first principles, could have been made using incomplete sequences. At least with regard to the issues considered here, there appears little need for complete genomic sequences (Forsdyke, 2001a) . Indeed, many modern inferences derive from biochemical studies made decades before direct counting of individual bases became feasible. The biological implications of oligonucleotide symmetry are considered more fully elsewhere (Forsdyke and Mortimer, 2000; Forsdyke, 2001b) .
